Callaghan FM, Luechinger R, Kurtcuoglu V, Sarikaya H, Poulikakos D, Baumgartner RW. Wall stress of the cervical carotid artery in patients with carotid dissection: a case-control study. Am J Physiol Heart Circ Physiol 300: H1451-H1458, 2011. First published February 4, 2011 doi:10.1152/ajpheart.00871.2010.-Spontaneous internal carotid artery (ICA) dissection (sICAD) results from an intimal tear located around the distal carotid sinus. The mechanisms causing the tear are unknown. This case-control study tested the hypotheses that head movements increase the wall stress in the cervical ICA and that the stress increase is greater in patients with sICAD than in controls. Five patients with unilateral, recanalized, left sICAD and five matched controls were investigated before and after maximal head rotation to the left and neck hyperextension after 45°h ead rotation to the left. The anatomy of the extracranial carotid arteries was assessed by magnetic resonance imaging and used to create finite element models of the right ICA. Wall stress increased after head movements. Increases above the 80th and 90th percentile were located at the intimal side of the artery wall from 7.4 mm below to 10 mm above the cranial edge of the carotid sinus, i.e., at the same location as histologically confirmed tears in patients with sICAD. Wall stress increase did not differ between patients and controls. The present findings suggest that wall stress increases at the intimal side of the artery wall surrounding the distal edge of the carotid bulb after head movements may be important for the development of carotid dissection. The lack of wall stress difference between the two groups indicates that the carotid arteries of patients with carotid dissection have either distinct functional or anatomical properties or endured unusually heavy wall stresses to initiate dissection. stroke; carotid sinus; finite element analysis; cervical dissection SPONTANEOUS INTERNAL carotid artery (ICA) dissection (sICAD) is a major cause of stroke in young adults (29, 33) . More than a quarter of these patients develop a significant disability, whereas almost half report a decreased quality of life (19). Furthermore, the socioeconomic consequences are more severe in strokes affecting young adults than in those occurring in elderly patients.
SPONTANEOUS INTERNAL carotid artery (ICA) dissection (sICAD) is a major cause of stroke in young adults (29, 33) . More than a quarter of these patients develop a significant disability, whereas almost half report a decreased quality of life (19) . Furthermore, the socioeconomic consequences are more severe in strokes affecting young adults than in those occurring in elderly patients.
sICAD results from an intimal tear that allows blood to enter the vessel wall. The ensuing hematoma, apposition thrombus, or both narrow the vessel lumen and may lead to cerebral thromboembolism and ischemic stroke. A histological examination of autopsy (1, 10, 44) and endarterectomy (9, 18, 23, 30) specimens of cervical carotid arteries have shown that the intimal tear is located in the region of the distal part of the carotid sinus. Dissection is often preceded by precipitating events such as snow skiing, coughing, and vomiting, which are frequently associated with brisk, extreme rotation and/or hyperextension of the neck (16, 36, 41) . Thus mechanical factors such as an abnormal increase of focal wall stress may play a pathogenic role in sICAD. Recently, we have reported the wall stress changes observed in the cervical ICA of a single healthy subject assessed with a structural finite element model that used magnetic resonance imaging (MRI) data obtained at different static head positions (45°and 90°rotations, and 45°r otation followed by hyperextension of the neck) (11) . We found that wall stress increased at 45°head rotation and was maximal at 90°head rotation and at 45°head rotation followed by hyperextension of the neck. Furthermore, peak wall stress was located 10 -20 mm distal to the origin of the cervical ICA, which corresponds with the aforementioned location of the intimal tear.
We undertook the present case-control study to investigate wall stress changes after maximal head rotation to the left and hyperextension of the neck following 45°head rotation to the left. We hypothesized that after the two head movements, wall stress of the cervical ICA would increase, be located at the lumen side of the distal carotid sinus, and be higher in patients with sICAD than in controls.
METHODS

Patients.
Patients with unilateral, left sICAD were recruited from the prospective spontaneous cervical artery dissection database of the Department of Neurology of the University Hospital Zurich (Zurich, Switzerland). sICAD was diagnosed using cervical MRI and magnetic resonance angiography (MRA) or digital subtraction angiography or both. sICAD was considered proven if the cervical ICA showed a wall hematoma at MRI with T1 fat suppression technique, a string sign, an aneurysm or an intimal flap during MRA, and/or catheter angiography. Five patients who 1) presented with unilateral, left-sided sICAD and a contralateral, straight (nonredundant) cervical ICA; 2) showed complete recanalization and a straight cervical ICA on both sides at color duplex sonography (CDS) and MRA performed 6 mo later; and 3) met no exclusion criterion were included.
Controls. Controls were matched for sex, age, body weight, and height. To exclude the presence of atherosclerosis and other diseases that could interfere with the study, controls underwent 1) a comprehensive assessment of neurological, medical, and psychiatric history; 2) neurological and medical examinations including the determination of body height, body weight, and blood pressure; 3) peripheral venous blood sampling; and 4) CDS of the extra-and intracranial cerebral arteries. Controls who met no exclusion criterion underwent MRA of the cerebral arteries. They were included in this study if no redundancy, obstruction, or aneurysm of the cervical ICA was detected.
The study was approved by local ethics committee, and all participants gave written informed consent.
Exclusion criteria. The following exclusion criteria were used: 1) cigarette smoking, either current (smoking within the last 5 yr) or past (smoking cessation since Ͼ5 yr) (28); 2) hypertension, defined as a history of antihypertensive treatment or a history of systolic blood pressure Ͼ 18.7 kPa (140 mmHg) or diastolic blood pressure Ͼ 10.6 kPa (80 mmHg) or both (22) ; 3) diabetes mellitus, defined as a history of fasting venous plasma glucose concentration on at least two separate occasions Ͼ 7.8 mmol/l or glucose concentration Ն 11.1 mmol/l at 2 h after oral ingestion of 75 g glucose; 4) history of dyslipidemia, defined as serum cholesterol concentration of Ͼ5 mmol/l, serum low-density lipoprotein (LDL) cholesterol concentration of Ͼ2.6 mmol/l, serum high-density lipoprotein (HDL) cholesterol concentration of Ͻ1.0 mmol/l, ratio total-to-HDL serum cholesterol of Ͼ5, or history of lipid lowering therapy; 5) signs of atherosclerosis at ultrasound studies defined as intima-media thickness (IMT) in the common carotid artery (CCA) of Ͼ1 mm and/or Ͼ30% local stenosis of the CCA, external carotid artery (ECA), or ICA at the origin (8); 6) serious illness (e.g., hepatic, cardiac, or renal failure) or a complex disease that may prevent the performance of the study; 7) contraindication to undergo MRI (e.g., pacemaker, claustrophobia); 8) women known to be pregnant, lactating, or having a positive or indeterminate pregnancy test.
Laboratory assays. Venous blood sampling included the determination of glucose, cholesterol, LDL and HDL cholesterol, and the ratio of total-to-HDL cholesterol. Premenopausal women underwent a pregnancy test in the urine.
Ultrasound study of the cerebral arteries. An ultrasound examination of the IMT of both CCA and the cerebral arteries was performed by an experienced medical doctor using a color duplex scanner (Acuson Sequoia, Mountain View, CA) with the patients and control subjects in a supine position. IMT was determined on the distal wall of both CCAs at 2 cm below the carotid bifurcation. Values of Ն1.0 mm were considered to be abnormal (12, 13) . Extra-and transcranial CDS was done as reported before (4, 8) . In brief, the CCA, the origin of the ICA and the ECA, and the subclavian and vertebral arteries were examined with 4 -8-MHz linear probes. For insonation of the cervical ICA and for transorbital and transcranial CDS studies, 2-3.5-MHz sector probes were employed. Transorbital CDS was used to assess the carotid siphon, and transtemporal CDS was used to investigate the terminal (C1) ICA and the middle, anterior, precommunicating, and postcommunicating posterior cerebral arteries. The intracranial vertebral artery and the basilar artery were insonated through the foramen magnum. Published criteria were used for assessing cerebral artery stenosis and occlusion (5, 7, 46) . Patients with insufficient ultrasound windows were also investigated with the echocontrast agent SonoVue.
Complete recanalization of a dissected ICA was diagnosed when peak systolic velocity was Յ90 cm/s in women or Յ80 cm/s in men and when the peak systolic velocity quotient sICAD/contralateral cervical ICA was Յ1.12 (32) .
Acquisition of anatomical data with MRA and MRI. Included patients and controls underwent cervical MRA and MRI on a 3T whole body scanner (Achieva, Philips Healthcare, Best, The Netherlands). Anatomical data of the right carotid arteries were acquired by two-dimensional time-of-flight gradient echo sequence MRA at the neutral position of the head (Fig. 1, A and B, left) after maximal rotation to the left (Fig. 1A, right) , after 45°rotation to the left followed by hyperextension of the neck (Fig. 1B, right) , as well as at intermediate positions of the head movements (not shown) (11) . Full MRA and MRI details are provided in the study of Callaghan et al. (11) . MRI in-plane acquisition resolution was 0.8 ϫ 0.8 mm Arterial anatomy. A three-dimensional vessel lumen wall surface was constructed for each subject in each head position by semiautomated segmentation of the time-of-flight MRI image stack using Mercury Avizio software. The vessel geometry was restricted to the distal CCA (beginning 25 mm proximal to the apex of the carotid bifurcation), the carotid bifurcation, the proximal ECA (up to 10 mm distal to the apex of the carotid bifurcation), and the cervical ICA. In addition, landmarks were identified as reference points for the subsequent registration of the lumen surfaces at different head positions (11) . Vessel wall thickness was measured at between four and eight locations about the circumference of the vessel. Variation around the perimeter of the artery at each measurement location was small (Ͻ8%), and thus a uniform wall thickness-to-lumen diameter ratio was assumed to apply at all radial positions. In the neutral head position a variable-offset surface was created by applying this ratio along the length of the vessels to define the external adventitia surface. At the bifurcation, the wall thickness was permitted to vary to produce a smooth continuous surface constrained by the MRI measurements.
Vessel centerlines and carotid sinus diameter in all head positions were determined by the method of maximum inscribed spheres (45) . Carotid sinus length was defined as the accumulated distance along the vessel centerline from the beginning till the end of sinus dilation as determined from the change of vessel diameter perpendicular to the vessel centerline.
Finite element analysis. Finite element analysis was carried out on the artery models using the Abaqus Standard 6.8-1 software (Simulia, Providence, RI). The artery walls in the neutral head position were discretized into finite element meshes of (8 node) solid hexahedral elements. Each mesh was divided into two different regions through the wall thickness. The inner three-fifths of the wall thickness was defined as media, whereas the outer two-fifths was defined as adventitia (42) . In arteries with normal IMT, the intima layer is very thin and thus negligible as a load-bearing layer and therefore was not considered in this study (26) . Mesh density was adjusted to minimize its influence on the results. The final size varied from 9,000 to 19,000 elements, dependent on arterial anatomy, especially cervical ICA length. The artery walls were modeled in the form proposed by Gasser et al. (20) , considering the histological structure of arteries including an elastin matrix and embedded, preferentially orientated, collagen fibers:
with
where is the strain energy per unit reference volume; I1 is the first invariant of the modified right Cauchy-Green tensor; and C, k1, and k2 are material properties. The parameter C is the coefficient of the linear contribution of the elastin, whereas k 1 and k2 are coefficients of the nonlinear anisotropic contribution of collagen fibers. E␣ characterizes the deformation of the two families of collagen fibers symmetrically aligned by ␥ ␣ about the mean direction ⌫ with a dispersion factor (see Table 1 ). I4(␣␣) are thus pseudoinvariants of the modified right Cauchy-Green tensor and the mean direction of fiber alignment ⌫ Ϯ ␥␣. The material properties of the media (Table 1) were applied from the experimental data obtained by Delfino et al. (15) as defined by Hariton et al. (25) . Adventitia properties were defined by calculating and applying mean media-to-adventitia ratios from experimental testing on human coronary arteries (27) . The preferential direction for the collagen fiber orientation was defined based on stress-driven remodeling of the arteries (24) . This approach assumes the fiber alignment to be dictated by the principal stress field. In the carotid arteries, the cardiac pressure wave induces the most consistent stress field for tissue remodeling. Therefore, the mean direction ⌫ was set equal to that defined by the artery maximum principal (tensile) stress field under a systolic pressure of 17.5 kPa (130 mmHg).
As the MRA data provide lumen anatomy in a preloaded state, i.e., a residually stressed artery at diastolic pressure, it was necessary to compute the stress-free state of the artery and add residual and diastolic loads before artery deformation because of head and neck movements. We assumed, based on the observations of Delfino (14) , that a stress-free state corresponds to a reduction in vessel diameter of 14% from its diastolic form. For all models, a constant diastolic plus residual pressure equal to 11.3 kPa (85 mmHg) was applied to the lumen surface to introduce a basal stress state, accounting for stresses due to residual and diastolic pressure strains. A sensitivity analysis confirmed that wall stresses following the two-head movements were only weakly influenced by this assumption (Fig. 2B) . Longitudinal residual strains were not considered since they are shown to be small in the media, our area of focus in this study (42) .
The arterial material model was verified for a global pressure to diameter response by computationally recreating the experimental inflation study described by Delfino (14) . A finite element analysis of vessel diameter in response to increasing internal pressure load, including residual stresses via the manner described earlier, was compared with experimental results. The diameter change in the numerical model varied from the experimental results by Ͻ5% (Fig. 2A) .
Centerlines extracted from the vessels at each static head position were used to define guide curves along which control nodes were directed to follow. The control nodes were not part of the structural domain of the model but rather coupled to structural nodes to drive the displacement of the vessel during the specified head movements.
Statistics. Normally distributed data were compared using paired t-test and nonnormally distributed data using Mann-Whitney U-test. Significance was declared at P Ͻ 0.05. Data were analyzed without patient identification using MATLAB (Mathworks, Natick, MA). 
RESULTS
Recruitment of sICAD patients and controls.
One hundred and two patients with unilateral left sICAD were admitted to the Department of Neurology of the University Hospital Zurich between October 1992 and August 2009. Of the 102 sICAD patients, 25 had no vascular risk factor including one patient who died from malignant middle cerebral artery infarction. Of the remaining 24 survivors without vascular risk factor, 18 (75%) showed a complete recanalization of the dissected vessel at 6 mo follow-up. Five of the 18 patients with complete recanalization who were diagnosed most recently and had also a straight cervical ICA on both sides at the usual MRA follow-up were asked to participate in the study, and all consented. Five controls who met no exclusion criterion were selected from volunteers among staff at the University Hospital Zurich and underwent MRA. All had bilateral straight cervical ICA and were included.
Head movements and deformation of carotid sinus anatomy. The extent of maximal head rotation to the left was 60 -90°. The extent of hyperextension of the neck following 45°head rotation to the left was 25-40°relative to the transverse plane. Both head movements showed no difference between patients and controls (P Ͼ 0.48). Carotid sinus length increased and carotid sinus diameter decreased in patients and controls during the two head movements (Table 2) . During the first 45°of head rotation, 60% of maximal sinus elongation occurred in patients and 90% of maximal sinus elongation in controls. The value of relative sinus length increase at 45°was not significantly greater in controls compared with patients (P ϭ 0.45). Following the maximal extent of the two head movements, carotid sinus length had increased significantly in patients, controls, and both groups combined (Table 2) . Carotid sinus diameter decreased significantly in both groups combined and showed a nonsignificant trend to decrease in patients and controls separately ( Table 2) . Variation of sinus length and diameter is likely to influence the vessel wall stress development during head movements.
Stress on the media and the adventitia of the cervical ICA. Media wall stress increase from the basal level (stress at diastolic blood pressure and no head rotation) above the 80th and the 90th percentile after the two head movements consistently covered an area from 7.4 mm below to 10 mm above the cranial edge of the carotid sinus (Fig. 3) . Inspection of the stress tensors at this location reveals the vessel wall under axial tension. Subject G and, to a lesser extent, subject I showed changes in curvature of the ICA in addition to deformation of the carotid sinus, which resulted in a wider stress distribution. Additionally, 9 of the 10 subjects (5 controls) showed a stress increase above the 90th percentile at the distal end of the cervical ICA. Stress distribution in the adventitia (not shown) showed a similar pattern to that found in the media. Stress distribution was analyzed by three independent observers blinded to subject group. All concluded that stress distribution showed no difference between patients and controls for both head movements. No data were obtained at neck hyperextension from subjects D and E because they developed claustrophobia in the MRI.
Axial slices of the cervical ICA at the region of maximal mediolateral stress showed that in 15 of 18 cases, stress above the 98th percentile was found at the lumen side of the media (Fig. 4) .
The ICA was divided into three even portions along its length, corresponding to the proximal, middle, and distal portions of the vessel. The maximum principal stress was averaged circumferentially, radially, and longitudinally within the media and adventitia layers of each axial segment to give a mean stress following each of the two head movements. After the two head movements, mean stress of the media and adventitia increased more in the proximal segment than in the middle and the distal segments of the cervical ICA and showed no difference between patients and controls (Fig. 5) . Mean stress values in the cervical ICA after both head movements were six to eight times smaller in the media (Fig. 5A ) than in the adventitia (Fig. 5B) .
The stress development in the ICA over the range of movement can be viewed in an animation provided as an online supplement to this article.
1
DISCUSSION
This case-control study examined wall stress changes of the right cervical carotid artery occurring after maximal head rotation to the left and after 45°head rotation to the left followed by neck hyperextension in five patients with unilateral and recanalized left sICAD and five matched controls. The main findings observed after the two head movements were that wall stresses increased, a stress increase above the 80th and 90th percentile was located at the intimal side of the vessel from 7.4 mm below to 10 mm above the cranial edge of the carotid sinus, and wall stress increases did not differ between patients and controls.
The cervical ICA is fixed at its origin, the carotid bifurcation, and its distal end, the entrance in the osseous carotid canal at the base of the skull. The increase of carotid wall stress observed in every patient and every control indicates that the cervical ICA was stretched during the two head movements. This observation is underscored by the fact that the length of the carotid sinus increased and its diameter decreased during both head movements (Table 2) .
Sixty to 90% of maximal sinus length increase occurred during the first 45°of head rotation. These observations are in line with the results of a previous investigation (11) and suggest that the physiological function of the carotid sinus elongation might be the reduction of the wall stress induced by stretching of the cervical ICA during head rotation. In the neutral head position, the ICA wall adopts a longer path axially and circumferentially at the sinus than if the vessel followed the same course, but the sinus was not present. The sinus may be idealized as an ellipsoid with its major axis aligned with the artery centerline and its ends removed to merge with the 1 Supplemental material for this article is available at the American Journal of Physiology-Heart and Circulatory Physiology web site. cylindrical form of the vessel. During the described head movements, the carotid sinus lengthens under axial tension, an increase in the major axis of the ellipsoid. By reducing in diameter (the minor axis of the ellipsoid), the curved sinus wall straightens to a more cylindrical form without straining the wall. In doing so, the carotid sinus accommodates the lengthening of the cervical ICA required by the displacement of its end points. The cervical ICA thus lengthens without the introduction of any new axial strain. Once this geometric compliance is exhausted, i.e., the sinus diameter approaches the ICA diameter, axial strains and stresses appear in the region of the distal sinus. This important issue needs further investigation. The increase of carotid sinus length during the first 45°of head rotation was 90% in controls but only 60% in patients. This difference is in accordance with the findings of case-control studies that have shown that carotid artery dilation is reduced in patients with sICAD (3, 6) . The lack of significance between the two groups in the present study (P Ͼ 0.48) may be related to the low number of the 10 investigated subjects.
In 1959, Anderson and Schechter (1) were the first to suggest that carotid dissection was due to an intimal tear leading to hemorrhage into the vessel wall (false lumen). Subsequently, Nedwich et al. (34) postulated that a rupture of the vasa vasorum was the cause of intramural hematomas. In 1985, Gauthier et al. (21) reported the largest ever published series on the findings of histological studies performed in sICAD specimens obtained at autopsy or after carotid surgery. This study did not settle the controversy, because an intimal tear was just found in 15 of 25 cases, though intimal tears can be missed. In the present study, peak media stresses were located at the intimal side (Fig. 4) in 15 of 18 investigations. These findings underscore our hypothesis that sICAD results from a rupture of the intima and not the adventitia.
Wall stress increase above the 80th and 90th percentile was consistently located in an area ranging from 7.4 mm below to 10 mm above the cranial edge of the carotid sinus. This area correlates precisely with the location of intimal tears reported in histological studies of patients with sICAD (1, 9, 10, 18, 23, 30, 44) . Accordingly, absolute wall stresses were higher in the proximal third than in the middle and distal thirds of the cervical ICA. Higher stress values in the adventitia compared with the media can be attributed to the stiffer adventitia material properties (Table 1) . Moreover, the failure stress of the adventitia tissue is at least seven times greater than that for the media (42) . During physiological pressure loading, the adventitia layer thus acts as a stiff "jacket" supporting the media (40) . Loading due to head rotations and head rotation followed by neck hyperextension, however, induce axial stretching of the artery wall at the distal carotid sinus region. The medial layer thus experiences strains without the support of the adventitia, making it more liable to failure. The axial strains are dominant over the circumferential residual and pressure-induced strains, highlighted by the weak sensitivity of the model to variation of residual stress magnitude (Fig. 2B) .
Stress increases above the 80th and 90th percentile were located at the same site and were similar in patients and controls. Because most events of sICAD are connected with normal head movements, this suggests that the carotid arteries of sICAD patients may have distinct functional or anatomical properties important in the initiation of dissection. Patients with sICAD have a higher prevalence of hereditary connective tissue disorders such as Marfan syndrome, Ehlers Danlos syndrome, osteogenesis imperfecta, and, in particular, fibromuscular dysplasia (2, 16, 17, 31, 35, (37) (38) (39) . In addition, several case-control studies have shown that vasomotion is impaired in patients with sICAD (3, 6) . Despite this, we have assumed constant material properties along the carotid arteries of patients and controls. Thus including subject-specific material properties into our model may be necessary to explain the occurrence of dissection in patients but not in controls.
A further site of high wall stress increase was located at the base of the skull in four patients and five controls. This is due to the fixation of the cervical ICA in the entrance in the osseous carotid canal. Observations that false lumens in sICAD rarely extend beyond the carotid canal (31) confirm the fixed artery tissue at this location, which is resistant to dissection initiation or continued propagation.
When stretched in vitro, carotid arteries initially fail at the intimal wall with a complete rupture occurring following additional strain. The initial failure occurs at lower stresses than required for ultimate failure, and the initial tear is oriented perpendicular to the strain direction (43) . These findings agree with our observation of axial stretching of the distal carotid sinus and histological evidence of circumferential tears in sICAD (18) . The stress at which initial failure begins as Fig. 5 . Mean stress in the media (A) and adventitia (B) of the proximal segments of the right cervical ICA are significantly higher compared with the middle and distal segments of the artery in 5 patients with spontaneous dissection of the left ICA and 5 matched controls after maximal head rotation to the left (Rotation) and 45°head rotation to the left followed by hyperextension of the neck (Hyperextension). Vessel segments are even axial divisions of the cervical ICA, and mean stress is that averaged circumferentially, radially, and longitudinally within each axial segment. *P Ͻ 0.05 and **P Ͻ 0.01, Mann-Whitney U-test.
detailed by Stemper et al. (43) is much higher (570 kPa) than the peak stresses observed in the media of our model (ϳ60 kPa). This difference can be explained by the fact that our simulations recreate stress patterns from the neutral head position to a maximal head position (rotation or hyperextension) that could be held constant by the subject for approximately 5 min during MRI scanning. As such, the head rotations displayed are not the maximum that can be reached by an individual but rather at a limit of comfort so as to ensure clear MRI results. Another limitation is that we did not include stresses due to systolic pressure since all of our MRI data were cardiac gated to diastole.
Our results support the hypothesis that head movements induce wall stress in the distal carotid sinus, which may contribute to the initiation of sICAD. The absence of difference between wall stress values in patients and controls implies that an additional factor such as impaired distensibility also contributes to sICAD.
